Changes in gene expression occur during cold acclimation in a wide variety of plant species. Here we show that a number of the polypeptides encoded by cold-regulated (cor) genes of Arabidopsis thaliana L. (Heyn) and wheat share the unusual biochemical property that they remain soluble upon boiling in aqueous solution. Further, cDNA cloning in conjunction with Southem and Northern analyses indicate that wheat has a cor gene that is related to Arabidopsis cor47, a gene encoding a 47 kilodalton 'boiling-stable' COR polypeptide. We suggest it is likely that the boiling-stable COR polypeptides have a fundamental role in plants acclimating to cold temperatures and discuss the possibility that they may act as cryoprotectants.
The physical and biochemical changes that occur in plants during cold acclimation could be brought about by preexisting structures and enzymes that undergo alterations in their properties at low temperature. It is also possible, as first proposed by Weiser (31) , that cold acclimation involves changes in gene expression. Indeed, recent studies with a variety of plant species have demonstrated that changes in gene expression occur during cold acclimation (11, 27) . Little is known, however, about the nature of cold-regulated (cor) genes. Are any of the polypeptides encoded by cor genes related at the structural or functional level? Do plants have related cor genes that are activated during the cold acclimation process? Do cor genes have critical roles in freezing tolerance or some other aspect of low temperature survival? Here we begin to address these basic questions for cor genes from Arabidopsis and wheat.
Cold acclimation is a complex response involving a variety of physical and biochemical changes (18, 20) . One of the hallmarks of cold acclimation is increased freezing tolerance; in many species of plants, a period of exposure to low, nonfreezing temperature results in an increased tolerance to freezing temperatures (18, 20) . Biochemical changes that have been associated with cold acclimation include alterations in lipid composition, increased sugar and soluble protein content, and the appearance of new isozymes (18, 20, 24) . In most cases, the precise role that a given biochemical change has in the cold acclimation process is uncertain. Presumably, some contribute to the overall fitness of the plant for low temperature survival while others have specific roles in bringing about increased freezing tolerance. Indeed, it has been demonstrated that changes in membrane lipid composition can contribute directly to the freezing tolerance of plant cells (24, 25) . In addition, there is evidence that proline and many simple sugars (3, 22, 26) (21) .
Plaque lifts were prepared on Nytran membranes (Schleicher and Schuell) using standard methodologies (1, 21) . The cDNA insert from pHH7.2 (13; see text) was 32p_ labeled by random priming (8) . Hybridization was at 60°C in buffer containing 6 x SSC (1 x SSC is 0.15 M NaCl, 0.015 M sodium citrate), 0.5% (w/v) SDS, and 0.25% (w/v) nonfat dry milk. Washes were done at moderate stringency: 2 x SSC, 0.5% (w/v) SDS at 60°C. Phage displaying homology to the pHH7.2 probe were plaque purified and the cDNA inserts 'subcloned' in pBluescript SK-as described by the supplier (Stratagene).
RESULTS

Cold Acclimation in Arabidopsis and Wheat is Associated with Accumulation of Transcripts Encoding BoilingStable Polypeptides
We (9, 13, 28) and others (16) have established that Arabidopsis thaliana becomes more frost tolerant when exposed to low, nonfreezing temperatures and that changes in gene expression occur with cold acclimation. In particular, we have observed that mRNAs encoding polypeptides of 160, 47, 24, and 15 kD consistently accumulate in cold acclimated plants (9, 28) ; accumulation of the COR160 and COR47 polypeptides were also detected in such plants (9, 28) (the experiments were not designed to detect the COR24 and COR 15 polypeptides). As a step toward determining the functions of these COR polypeptides, we have begun to characterize their physical properties.
We have found that all four ofthe major COR polypeptides share an unusual biochemical property: they remain soluble upon boiling in aqueous solution. This was shown as follows. Poly(A+) RNA isolated from both cold acclimated and nonacclimated plants was translated in vitro and the polypeptide products were fractionated either directly by SDS-PAGE or Southern and Northern Analysis Southern and Northern blots were prepared on Nytran membranes using standard methods (1, 21) as previously described ( 13) . 32P-Labeling of probes and Southern hybridization and wash conditions were the same as those used in screening the cDNA library. Northern hybridization and wash conditions were as described ( 13 
Hybrid-Arrest Translation Experiments
Hybrid-arrest translations were done as described (15) using 1 gg poly(A+) RNA and 0.5 ,ug single-stranded DNA. Singlestranded DNA was prepared from pHH7.2 (the antisense strand for the cor47 gene is produced; see text) and the cloning vector pBluescript SK-by phage rescue as described by Vieira and Messing (29 We previously described the isolation of cDNA clones for four cor genes from Arabidopsis (13) . Hybrid-arrest in vitro translation experiments indicated that the 47 kD boilingstable COR polypeptide was encoded by the transcript represented by one of these cDNA clones, pHH7.2 (Fig. 2) ; when this cDNA clone was used in the arrest reaction, the 47 kD polypeptide was absent from the boiling-stable polypeptide profile. Hybrid-select in vitro translation reactions were consistent with this result; pHH7.2 hybridized with an mRNA encoding a 47 kD polypeptide (not shown). The gene represented by pHH7.2 was designated cor47.
Wheat has a cor Gene Related to Arabidopsis cor47
Having established that the accumulation of cor mRNAs encoding boiling-stable polypeptides was a common response in both Arabidopsis and wheat, we wanted to determine whether any ofthe cor genes encoding these polypeptides were conserved between the two plant species. Therefore, we constructed a cDNA library of poly(A+) RNA isolated from cold acclimated Triticum aestivum cv Winoka and screened it for clones that would hybridize with Arabidopsis cor47 (the insert from pHH7.2 was used as the probe). Such clones were detected, and one, pWG 1, was examined further.
Southern analysis indicated that the DNA sequence homology between pWG1 and pHH7.2 mapped to the middle region of the pHH7.2 cDNA insert, primarily to the section between the XbaI and KpnI restriction sites (Fig. 3) (Fig. 4) Future studies will determine whether this is true and whether any of the other Arabidopsis or wheat cor genes have counterparts in other plants.
The finding that certain cor genes encode boiling-stable polypeptides is significant in terms of their potential function. First, it strongly suggests that the expression of these genes in response to low temperature is not fortuitous. If it were, it would be improbable that so many would encode polypeptides sharing the same unusual property, boiling-stability, and that such a large proportion of the boiling-stable polypeptides would be cold-regulated. Further, it would seem unlikely that wheat would have a gene related to one of the Arabidopsis cor genes and that it too would be cold-regulated. In our view, the more likely situation is that the cor genes encoding boiling- of boiling-stable polypeptides of about 47 and 48 kD in the in vitro translations of RNA isolated from cold acclimated wheat (Fig. lb) is consistent with this notion.
DISCUSSION
The data presented indicate that several of the cor transcripts from Arabidopsis and wheat encode polypeptides that share the unusual biochemical property of remaining soluble upon boiling in aqueous solution. In addition, the data indicate that at least one wheat cor gene is related to an Arabidopsis cor gene, specifically cor47. Given the evolutionary distance between Arabidopsis and wheat, it is probable that the accumulation ofcor mRNAs encoding boiling-stable polypeptides will prove to be a common low temperature response in plants. Indeed, initial studies indicate that the response also occurs in both spinach and Solanum acaule (C Lin, unpublished results). It would also seem likely that genes related to Arabidopsis cor47 will be found in additional plant species. (30) . These investigators have reported that cold acclimated spinach synthesizes polypeptides that, on a molar basis, are greater than 1000 times more effective in protecting thylakoid membranes against freezing damage (in vitro) than are known low mol wt cryoprotectants such as sucrose and glycerol. Intriguingly, these polypeptides appear to have distinctive features in common with the Arabidopsis and wheat COR polypeptides described here: notably cold-regulation (the polypeptides were detected in cold acclimated plants but not in nonacclimated plants) and heat-stability (they were not irreversibly denatured by high temperatures). In addition, the spinach polypeptides were found to be very hydrophilic. Likewise, DNA sequence analysis (S. J. Gilmour, M. F. Thomashow, unpublished results) of the Arabidopsis cor cDNA clone pHH7.2 indicates that the 47 kD boiling-stable COR polypeptide is very hydrophilic (presumably it is this property that accounts for COR47 remaining soluble upon boiling). Given these similarities, the possibility is raised that the Arabidopsis and wheat COR polypeptides are analogs of the spinach cryoprotective polypeptides. Current efforts are directed at determining whether the Arabidopsis and wheat COR polypeptides have cryoprotective properties and whether they contribute significantly to the freezing tolerance of cold acclimated plants.
A final point regards the potential relationship between the boiling-stable COR polypeptides and another family of heatstable polypeptides, the late-embryogenesis-abundant (LEA) proteins (6) . LEA proteins, like the boiling-stable COR polypeptides, remain soluble upon boiling (4, 14) and are very hydrophilic (4, 6, 14, 19) . They are normally produced late in embryogenesis just prior to seed desiccation (7) and in certain cases, they have been shown to be synthesized in plant seedlings in response to water stress (4, 19) . It has been suggested that the LEA proteins might have a role in desiccation and drought tolerance (2, 4, 14) . A potential connection between cold acclimation and tolerance to desiccation and drought lies in the fact that plant cells become severely dehydrated during a freeze-thaw cycle (18, 20, 24) . Freezing tolerance must, therefore, include tolerance to dehydration. In this context it is of interest that drought stress has been observed to increase the freezing tolerance of wheat (23) , rye (23) , and cabbage (5) . In addition, we have shown that transcripts for the 47 kD boiling-stable COR polypeptide accumulate in water stressed Arabidopsis (13) and Hahn and Walbot (12) have reported that a lea gene of rice, rab2l, is induced in response to low temperature. Taken together, these results suggest the possibility that freezing and drought tolerance involve related genetic mechanisms that include the action of cor and lea genes. Future studies will be directed at testing the validity of this notion.
